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A study i s  presented of t h e  required guidance commands and avai lable  
footpr in t  fo r  landing s i t e  redesignation-during the  f i n a l  approach phase 
(Phase 11) of t h e  1,EH powered desce i t .  
between 11,000 and 5,COO f t  a l t i t u d e  of f  a norninal descent t r a j ec to ry .  
This study, based on a var iab le  time-to-go, ind ica tes  t h a t  a nearly c i r -  
cular  foo tpr in t  of about 10,000 t o  20,000 f t .  radius  i s  avai lable  f o r  a, 
Q V penal ty  of 100 fps .  Tirne-to-go is  calciiLated as a fuxction of range 
and range r a t e .  Therefore, a redesignat,ion t h a t  decreases t h e  range may 
destroy t h e  constancy of t he  guidance conmands f o r  the  nominal Phase I1 
f l i g h t .  These cormand var ta t lons ,  i n  some instances,  cause interrupt ions 
i n  t h e  v i s i b i l i t y  of t he  landing area  and a l so  produce command rates near 
design control  l i m i t s .  However, any increase i n  range r e s u l t s  i n  s m a l l  
changes i n  the  guidance commands and t h e  v i s i b i l i t y  of t h e  landing area 
i s  very good. 

Redesigqations a re  i n i t i a t e d  

INTRODUCTIOI\T 

The LEM powered descent i s  divided i n t o  th ree  phases ( see  f igure  1); 
a n  i n i t i a l  braking phase (Phase I), f i n a l  approach (Phase Il), and t h e  
landing phase (Phase 111). 
are  guided by a sei of equa,tioQs which are  reported i n  reference 1. The 
landing zipproac’n f l i g h t  i s  a near coostant t h i ’ u s t  and a t t i t u d e  t r a j ec to ry  
designed t o  allow adequate f u z l  econoxy, p i l o t  control,  and ? i l o t  v i s i b i l i t y  
of t h e  landing area,  as presented Zn reference 2. The i n i t i a l  and f i n a l  
conditions and the time ol” i’light of’ Phacz 11 ere  predetermibed t o  y ie ld  
t h i s  cons”iailt attit:ide and cog hase of € l j @ 1 t .  I n  t h e  eveat 
t h a t  t he  p-redetermj lied landirig d cm2ztisi”actoly by the pilot, 
he then has the  c&pabil.ity for rcdesignating the landing area during Fhase 
11. However, s ince the  t ime-of-fl ight (time-to-go) was specif ied i n  order 
t o  y ie ld  a constant t h r u s t  vector p r o f i l e  f o r  guiding to t h e  preselected 
s i t e ,  t h e  time-to-go must a l so  be redesignated o r  var ia t ions  i n  the  t h r u s t  
p r o f i l e  w i l l  r e s u l t  as  reported i n  reference 3. It i s  t h e  purpose of t h i s  
study to ir ivestigate a method of redesignating time-to-go. Namely, def in-  

landjng footpr in t  o r  area avai lable  fo r  a l t e rna te  s i t e  se lec t ion  i s  de te r -  
mined based on t h i s  concept of a redesignated time-to-go. 

Phases I and I1 of the La4  powered descent 

ing  t.irne-to--go as  a function of range and range r a t e ,  i . e . ,  TGo = 2€?/A, A 

SCOPE OF CALCUiiTIONS 

The nominal pcwered descent t r a j ec to ry  used fo r  t h i s  study Ls i n i t i a t e d  
a t  an a l t i t u d e  of 5O,OOO f e e t  with a zero f l i g h t  path angle and a ve loc i ty  
of 5,583 fps ,  which define the  s t a t e  vector a t  pericynthion f o r  a Hohmann 
descent t r ans fe r  from an 80-n.mi orbit;. 
presented i n  f igure  2 ( a ) .  Phase I1 i s  assumed to begin a t  80 a l t i t u d e  of 
11,069 f e e t  and incorporates a cons tmt  a t t i t u d e  of 47 degrees f ron  the  
negative horizontal  axis  ( see  f igu re  3 f o r  ax i s  system) and a t h r u s t  l e v e l  
of 4,874 l b s . ,  as compared to a f u l l  t h r o t t l e  t h r u s t  of 10,500 lbs .  
time h i s to ry  of Phase I1 i s  shom i n  f igure  2(b) .  The terminal conditions 
a re  10 -Fps ve loc i ty  and -10 degrees f l i g h t  patin angle a t  an a l t i t u d e  

A t i m e  h i s tory  of Phase I i s  

A 
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200 f e e t .  Although t h i s  t r a j ec to ry  i s  only one of a number of possible  
nominal powered descent t r a j e c t o r i e s ,  it i s  believed t h a t  t he  da ta  
acquired i s  r e p e s e n t a t i v e  of da ta  i ~ h i c h  would be obtained from other 
nominal t r a j e c t o r i e s .  

The primary guidance equations reported i n  reference 1 are  used t o  
ca lcu la te  t he  required guidance commands t o  approach the  terrninal condi- 
t i o n s  a t  t h e  a l t e r n a t e  landing s i t e  selected.  The equations of motion 
a re  based on a point  mass. The guidance constants a re  updated every 
second. and the re  i s  no updating l e s s  than 10 seconds p r i o r  t o  termina- 
t i o n .  

Time-to-go i s  calculated assuming a constant accelerat ion along t h e  
r e l a t i v e  range vector .  
t h r u s t  magnitude and d i rec t ion ,  Therefore, t he  accelerat ion component 
along t h e  r e l a t i v e  range vector i s  defined i n  equation (1). 

This assumption i s  based on the  near constant 

.. 
R = k  

The 5.nteg;ra.ls of equation (1) can be wr i t ten  as foliows: 

GO ' Ro R = k T  

z 
GO o -GO ,o R = k T  / 2 + R  T + R  (3) 

Solving ecp.at;o_ns (2 )  and ( 3 )  s~.mu.~.at.aneously and wing the  I n i t i a l  cot- 

di-tions R = R = 0 t h e  tinie-to-go i s  deliernlined as 
0. 0 

TGO = %/I? (4) 
Equ&j on (4)  i s  used t o  redesi gnate time-to-go i&en t h e  terminal conditions 
have been cha,nged, 

Changes i n  t h e  landing s i t e  a r e  indicated a t  th ree  dj-fferent ranges; 
43,607 f e e t ,  30,492 f e e t ,  and 19,510 f e e t  with an a l t i t u d e  of 11,069 f e e t ,  
7,812 f e e t ,  and 5,078 f e e t ,  respect ively.  Chaages i n  down rarlge d i s txmes  
of about 3 40,000 f e e t  and cross range dis tances  t o  about 30,000 f e e t  weye 
considered. 

RESULTS Ab? DISCUSSION 

Area Available - The preselected la..ndlng area f i rs t  becomes v i s i b l e  
after t h e  pitchup rflaneuver a t  nomina3 range of 43,607 feet ( a l t i t u d e  - 
11,069 f e e t )  at  t h e  beginning of Phase 11. 
footpr in t  i s  applicable f o r  t h e  case linere an a l t e rna te  s i t e  se lec t ion  
i s  made immediately ( see  f igu re  4) .  
p r in t  and a l l  others  presented herein a re  syrnrnetrical about t h e  down range 
axis. For convenience only ha l f  of t h e  footpr in t  i s  shown. This m a x i m u m  
o r  i dea l  foo tpr in t  shows t h a t  f o r  a A V  penalty of 100 fps  from a nominal 

The maximum landing erea 

It should be noted t h a t  t h i s  foot-  
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range of 43,607 f e e t ,  t h e  range ma,y be lengthened by about 10,000 f e e t ,  
shortened by about 30,000 f e e t ,  and a cross range distance of over 15,000 
f e e t  may be reached. 
t h e  m a x i m m  t h r u s t  of 10,500 l b s ,  i s  exceeded i n  order t o  sa.t isfy the  
f i n a l  desired conditions.  Other possible  cons t ra in ts  such as  l imited 
bank angles have not been considered. 

The shaded area  of f igure  4 i s  not ' ava i lab le  because 

To allow adequate time t o  assess the  landing area it i s  assumed t h a t  
t h e  a l t e r n a t e  landing s i t e  se lec t ion  should be i n i t i a t e d  a,t some nominal 
range between 30,000 f e e t  and l9,OOO f e e t ,  The landing area, w i l l  then 
have been v i s i b l e  from 20 to 40 seconds. Af te r  20 seconds of Phase I1 
f l i g h t  a nominal range of 30,492 f e e t  has been reached and the  footpr in t  
from t h i s  a l t i t u d e  i s  presented i n  f igure 5. This more r e a l i s t i c  a l t i t u d e  
f o r  a landing s i t e  change permits a long range of about 8,000 f e e t ,  short  
range of approximately l9,OOO f e e t ,  and a cross range of about 12,000 f e e t  
f o r  a AV penal ty  cf 100 0 s .  
obtained because t h e  maximum t h r u s t  i s  exceeded. 

A s  i n  f igure  4, t h e  shaded area may not be 

The r e su l t i ng  range a f t e r  a 40 second assessment i s  19,510 f e e t .  
The a rea  avai lable  from t h i s  range i s  depicted i n  f igure  6. V 
penalty of 100 f'ps from a 19,510 foot  range, t h e  a-vailable range i s  an ' 

addit.iona1 6,000 f e e t  and a short  range of  abour; 8,000 f e e t .  Again the  
skLaded area i s  not ava,ilable because of t he  m a x i m u m  th rus t  l imi t a t ions ,  

For a 

A previous study 372s made by holding the time-to-go constant a t  t he  
value predicted by t h e  guidance log ic  fo r  t he  nornhal t r a j ec to ry  (see 
reference 3 ) .  
approximately the  sane landi  ng area, however, t he  € ~ c k p i - t ~ t s  are  shi fte-3. 
along t h e  down range axis ,  fo r  example, t he  constant tiroe-to-go r e s u l t s  
i n  a l a rge r  down range capabi l i ty  f o r  a a V penal ty  of 1-00 i p s .  

The ~ I J O  methods of  p rescr ib i rg  t im- to -go  r e s z l t s  i n  

The var ia t ions  of t h e  guidance commands associated with t h e  present 
foo tp r in t s  and landing s i t e  v i s i b i l i t y  a re  discussed i n  t h e  following 
two sec t ions ,  

_I Guidance Command Variations - By predesignating the  i n i t i a l  and f i n a l  
condition and t h e  time of fligG, a constant a t t i t u d e  and constant thrust ,  
of t h e  Phase I1 f l i g h t  a re  obtained (using t h e  primadry guidmce equations 
reported i n  reference 1). 
would necessari1.y destroy t h i s  constancy, therefore ,  v io l a t ing  t h e  nominal 
design c r i t e r i a  of t h i s  por t ion  of t h e  LEN powered descent,. 
occurs when an a l t e rna te  s i t e  se lec t ion  ( a  change i n  t h e  f i n a l  conditions) 
i s  made. To present t h e  variat.ions i n  guidance commands a f t e r  t h e  a l t e rna te  
s i t e  se lec t ion  has been ma,de, t h e  following three  t n i c a l  off-nominal t r a -  
j ec to r i e s  a re  ca,lculated from each of t h e  i n i t i a l  ranges: (a) 2 10,000 f t  
range extension, (b) a 10,000 f t  short  range, and ( c>  an out-of-plme case 
of 10,000 f t  cross range. 

A change i n  any one of these cha rac t e r i s t i c s  

This s i t ua t ion  

Time h i s t o r i e s  of t h e  p i t ch  angle f o r  t he  t r a j e c t o r i e s  ( a ) ,  ( b ) ,  and 
(e )  together with t h e  nomina,l range of 43,607 f t  a re  shown i n  f igure  7(a) .  
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The maximum'pitch angle rate (near ly  a constant rate f o r  t h e  coplanar 
cases) i s  about .25 deg/sec frorn t h i s  a l t i t u d e ,  
by portraying t h e  t h r u s t  magnitude i n  f igure  7 (b ) .  
r a t e  i s  about 25 lbs/sec and, again, a near constant r a t e  f o r  th-e co- 
planar cases. The yaw angle, which i s  measured. from t h e  north as  shown 
i n  f i ,me 3, i s  presefited i n  figure 7(c) ,  and i s  -90' f o r  a l l  coplanar 
cases. For t h e  out-of-plane case, t h e  yaw angle r a t e  i s  about .6 deg/ 
sec. These var ia t ions  do not seem to be operat ional ly  sever,  but  do 
become l a fge r  f o r  redesignations at. t h e  two shor te r  ranges invest igated.  

Figure 7 i s  continued 
The maximum t h r u s t  

The p i t c h  angle, t h r u s t  magnitude, and yaw angle from a range of 
30,492 f e e t  a re  shown i n  f igures  8(a), 8(b) ,  and 8(c), respect ively.  
an a l t e rna te  s i t e  se lec t ion  made a t  t h i s  range, t h e  p i t c h  angle r a t e  
increases  t o  .5 deg/sec, t h e  t h r u s t  magnitude rate to about 40 lbs/sec 
and t h e  y a w  angle r a t e  to about .7 deg/sec. 

For 

From the  shor tes t  range of 19,510 f e e t ,  t h e  p i t c h  angle t h r u s t  
magnitude and yaw angle time h i s t o r i e s  a re  presented i n  f igures  9(a), 
g(b) ,  and 9 ( c ) .  
r a t e s ,  si~ce the a l t e rna te  s i t e  se lec t ion  was delayed u n t i l  a l a t e y  time. 
The maximum p i t ch  angle r a t e  f o r  these t ra jec tqrSes  i s  about 1 . 5  deg/sec 
with a maximum t h r u s t  magaitude r a t e  of approximately 65 lbs/sec.  Also, 
t h e  yaw angle r a t e  i s  about 1.8 deg/scc. 

These t r a j e c t o r i e s  r e s u l t  i n  t h e  highest  guidance cormnand 

m ihese guidance commapd variat-iocs st i l l .  do noi  seen t o  be operat ionel ly  
sever? but nay resul t ,  ir, spaxecraft  att.itii.des t h a t  prevent v i s i b i l i t y  of' 
bhe l a d i n g  s i t e .  The cormland var ia t ions  r e su l t i ng  frorn a constant tine- 
to-go (as reported i n  reference 3) a re  s l i g h t l y  larger. fo r  an increase i n  
t h e  range, and smaller f o r  a decrease of t he  range. 

L 

V i s i b i l i t y  of t h e  Landing S i t e  -- One of t h e  design cons t ra in ts  of t'ne 
Phase I1 f l i g h t  i s  adequate v i s i b i l i t y  of t h e  landing area.  The lower 
window l i m i t  of v i s i b i l i t y  i s  25 degrees above t h e  -x body axis (negative 
t h r u s t  vector) of t h e  LEM (see  f igu re  3 ) .  
angle o r  l ine-of-s ight  angle to t h e  landing s i t e ,  which i s  assumed to be 
1,000 f e e t  down range from termination o€ Phase 11, a re  presented i n  f igures  
10( a) ,  10(b) ,  m-d 10( e )  f o r  t h e  th ree  redesignation poin ts  invest igated.  ' 

These f igures  show t h a t  f o r  a short  range landing area,  v i s i b i l i t y  of t h e  
landing area i s  lost Tn-mediately but  regained la te r  i n  t h e  descent t r a j e c -  
to ry .  For any range extension (c ross  range or down range), t h e  v i s i b i l i t y  
i s  very good throughout t h e  t r a j ec to ry .  
t i ons ,  only one gross change i n  t h e  landing area  may be permitted. If  t h i s  
i s  t h e  case, t h e  immediate l o s s  of t h e  landing s i t e  following a short  range 
redesignation may not be a severe l imi ta t ion .  
times i s  a requirement, an a l t e rna te  s i t e  should be  chosen giving 6 range 
extension, insuring good v i s i b i l i t y  f o r  t h e  e n t i r e  t r a j ec to ry .  

Time h i s t o r i e s  of t h e  look 

However, based upon t h e  QV l i m i t a -  

B u t ,  i f  v i s i b i l i t y  at a l l  

The l o s s  of v i s i b i l i t y  r e su l t i ng  from a constant time-to-go (as reported 
i n  reference 3) i s  f o r  a shorter 'per iod of time than t h a t  r e su l t i ng  from a 
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recalculated time-to-go. However v i s i b i l i t y  was lost near t h e  termination 
a f t e r  a range extension (cross range and down range) using a consta,n% time- 
to-go, where as, t h e  v i s i b i l i t y  was very. good through the  e n t i r e  t r a j ec to ry  
using a recalculated time-to-go. 

A study has been presented of t h e  required guidance commands and 

F-edesignations 
ava i lab le  footpr in t  f o r  a l t e rna te  landing s i t e  se lec t ion  during t h e  f i n a l  
approach phase (Phase 11) of the  IIEM pmered descent 
were i n i t i a t e d  between 43,607 and 19,510 f e e t  range of f  a nominsl descent 
t r a j ec to ry .  It was found t h a t  a nearly c i r cu la r  a rea  of about 10,000 to 
20,000 f e e t  radius  could be reached f o r  a f l V  penalty of 100 f p s .  
a l t e rna te  s i t e  se lec t ion  resu l ted  i n  var ia t ions  of t h e  t h r u s t  p r o f i l e  
( a t t i t u d e  and magnitude) f o r  t h e  nominal Phase I1 f l i g h t  and, i n  sone 
instances,  these var ia t ions  interrupted t h e  v i s i b i l i t y  of t h e  landing 
area.  I n  t h e  present stu-dy these var ia t ions  were not as severe as  those 
encountered i n  reference 3 i n  which t h e  time-to-go was  held constant.  It 
i s  a l so  noted t h a t  t h e  two methods of prescr ibing time-to-go r e s u l t s  i n  
approximately the  same landing area,  however, t he  footpr in ts  a r e  sh i f t ed  
along the  negative down range axis f o r  T 

The 

= 3R/fi. GO 

It should be s t a t ed  t h a t  the  method of calculat ing time-to-go i L  
t h i s  study i s  not necessar i ly  t h e  best  one, Other methods are  being 
investigated a t  t h i s  time and t h e  study w i l l  continue. 



REFEREHCES 

1. Cherry, George W., A Class of Unified Exp l i c i t  Methods for Steer ing 
ThrotUeable  and Fixed-Thrust Rockets, MiT/iL, Report R-417 (Rev.  
1944). 

2 ,  Bennett, Floyd V., Pr ice ,  Thoinas G . ,  Study- of Powered-Descent Trajec- 
t o r i e s  for  !dani?ed Lunar Landings, HWA TH D-2426, 1964. 

3. Pr ice ,  Thomas G . ,  Inves t iga t ion  of Landing S i t e  Redesigna,tion During 
Phase I1 of t h e  LE34 Powered Descent Using Primary Guidance, YEC I N  
6 5 - ~ ~ - 2 0 ,  18, 1965. 



I i 

0 
0 
0 

T 
ri 

0 
rt 

I I 

0 
0 
CU 

0 
-P 



M 
0 
ri 

0 
L? 

0 
-5- 

0 
M 

0 
N 

0 
r i  

0 















I 
i 
i 
I 
i 
I 
f 
I 
1 
f 
i 

I 
i 

i 
I 

I 

i 
I 

I 

i 

J 
, 

0 



m 
a, 

0 
A- 

I 

0 
0 
0 

0 
rl 

0 0 
0 cu 

ri r;l I 



’ \  ‘. 6cu 

t \? 

a, 
u 

I 

03 



0 
0 
0 
f- 

0 

rt 
. t  

0 
0 
0 w 

0 
0 

0 
0 
0 
-3 

0 
0 
0 
cr) 



0 cu 
I 

0 A- 
I 

0 co 
1 

0 
0 
r;' 

N 

0 
0 
CJ 
rl 

I 





\ 
\ 
\ 
\ 
z 
\ 

rl 
0 0 0  

- r l o o o  

R r l r t r - 4  

2 0 0 0  

8 d d d  
I 

I 
I 
i 
I 
I 
I 
I 
I 

0 
0 
0 
Q 

a 
0 
0 c- 

0 
0 
0 
v3 

0 
0 
9 
4 



0 
0 
0 

r 4  
0% 

0 0 cu 
I 

0 
A- 

I 
0 
03 

I 

0 
0 
r;‘ 



i 
I 
I 
\ 

o E -  
.d d 

0 0 0 !+I-.- cu d 
1 

0 



-P 
0, 
a, 
k 

0 
0 
0 

rl 
' d  

! 
I 

1 
i 
I 
I 
I 

5 

I 

i 

'\ 

i 

\. 
I 
\ 
; 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

I 

0 
ri 



0 0 0 0 0 c- ul m A- M 

0 

rl 

0 0 0 
Cu rl 

Cu I 

rl 
d 

s 
M 2 

0 


